Overexpression of the proinflammatory cytokine macrophage migration inhibitory factor (MIF) is linked to a number of autoimmune diseases and cancer. MIF production has been correlated to the number of CATT repeats in a microsatellite region upstream of the MIF gene. We have characterized the interaction of pituitary-specific positive transcription factor 1 (Pit-1) with a portion of the MIF promoter region flanking a microsatellite polymorphism (−794 CATT 5-8 ). Using fluorescence anisotropy, we quantified tight complex formation between Pit-1 and an oligonucleotide consisting of eight consecutive CATT repeats (8xCATT) with an apparent K d of 35 nM. Using competition experiments we found a 23 base pair oligonucleotide with 4xCATT repeats to be the minimum DNA sequence necessary for high affinity interaction with Pit-1. The stoichiometry of the Pit-1 DNA interaction was determined to be 2:1 and binding is cooperative in nature. We subsequently structurally characterized the complex and discovered a completely novel binding mode for Pit-1 in contrast to previously described Pit-1 complex structures. The affinity of Pit-1 for the CATT target sequence was found to be highly dependent on cooperativity. This work lays the groundwork for understanding transcriptional regulation of MIF and pursuing Pit-1 as a therapeutic target to treat MIF-mediated inflammatory disorders.
INTRODUCTION
MIF plays an essential role in immune system regulation and acts as an integral component during the production of proinflammatory cytokines including TNF␣, IL1␤ and IL-6 (1-3). However, an overproduction of proinflammatory cytokine MIF has been shown to play a role in a number of immune related pathologies, including sepsis, cancer and autoimmune diseases such as rheumatoid arthritis and inflammatory bowel disease (1, 4, 5) . MIF expression is regulated by a number of transcription factors ( Figure 1A ), which have been the focus of recent research (6) (7) (8) . The MIF gene is located on chromosome 22q11.2. The number of CATT repeats in a microsatellite sequence (−794 CATT [5] [6] [7] [8] ) in the 5 -untranslated region of the MIF gene is correlated to both increased MIF expression and rheumatoid arthritis disease susceptibility and severity (9, 10) . The microsatellite sequence consists of five to eight repeats of a four-nucleotide CATT sequence. Recently Yao et al. identified the putative transcription factors Ubiquitin Like With PHD And Ring Finger Domains 1 (UHRF1) and Pit-1 from the nuclear extract of human THP-1 monocytes using ∼100 bp of the MIF promoter region encompassing this microsatellite repeat (11) . In order to better understand the causes of and treatments for MIF associated diseases, we have focused on the characterization of these putative transcription factors with the MIF promoter region, specifically the repeating CATT element. We found that Pit-1 directly interacts with this region in a CATT dependent fashion.
Pit-1 is a 33kDa homeobox protein transcription factor that is expressed in a variety of cell types and plays a role in the production of human growth hormone, prolactin and TSH␤ (12) as well as roles in immunology (13) , cancer and DNA repair (14) . Pit-1 has been shown to act as both an activator and repressor of gene expression (12, 14) . It consists of a Ser/Thr rich unstructured transactivating Putative transcription factor sites (in purple) were determined using MotifMap and previously identified putative sites (9, 74) . The −173 G/C polymorphism has been identified as a risk factor in autoimmune diseases (75, 76) . The −794 CATT microsatellite region consists of five to eight CATT repeats. (B) Secondary structure alignment predicted by PsiPred (77) . Sequence boxed in red is the Pit-1 N construct (residues 104-291) used for fluorescence anisotropy experiments. Orange lettering identifies the unstructured TAD, red lettering identifies the POU S domain and blue lettering identifies POU H domain. Alpha helices are denoted by loops, beta sheets by dashes and residues phosphorylated by PKA with an *. Created with ESPript (http://espript.ibcp.fr/ESPript/ESPript/) (78) .
domain (TAD) that functions in transcriptional stimulation, followed by a bipartite POU domain (named after Pit1, Oct1, Oct2 and Unc86) consisting of a specific domain (POU S ) that determines sequence specificity and a homeodomain (POU H ) that contributes to DNA recognition and interaction with other transcription factors ( Figure  1B ) (12, 15, 16) . This transcription factor has been shown to bind to its cognate oligonucleotide sequences and to interact with a wide variety of transcription factors in various ways using flexible yet specific mechanisms (17) (18) (19) . Multimerization and interaction with other transcription factors are key factors that have been identified as affecting the outcome of gene regulation by Pit-1. Based on the sequence of the element bound, Pit-1 can bind as a monomer, a heterodimer or a homodimer (18) (19) (20) . Spacing and orientation of the POU domains with respect to one another can vary unexpectedly, dependent on the sequence as illustrated by the structures of Pit-1 with the prolactin promoter (Prl-1P) and human growth hormone promoter (GH-1) DNA elements (17) . Differential spacing observed in Pit-1 complexes has been identified as another critical factor conferring activation or restriction of gene expression based on cell type (17, 21) . Finally, phosphorylation by protein kinase A (PKA) of residues serine 115 and threonine 220 in Pit-1 has been shown to alternatively decrease, increase and have no effect on affinity for DNA, dependent on the binding sequence (22) (23) (24) .
In order to understand the binding of this versatile transcription factor to the functionally significant CATT repeat region of MIF, we identified the minimal DNA sequence necessary for high affinity Pit-1 binding, determined the stoichiometry of the interaction and crystallized the complex. Here, we present that Pit-1 has significantly higher affinity for CATT repeats than UHRF1. Using a fluorescence anisotropy assay, we show that phosphorylation decreases the affinity of Pit-1 for the CATT repeats. Competition experiments demonstrate that at least 4 CATT repeats are necessary for high affinity interaction with Pit-1. We also determine that Pit-1 binds the 4xCATT nucleotide cooperatively in a 2:1 stoichiometry. With the insights derived from biochemical experiments, we were able to crystallize and structurally characterize the complex. The complex structure shows a significant rearrangement of POU domains relative to previously characterized Pit-1 DNA complex structures and underscores the critical role cooperativity plays in sequence recognition. This work contributes to understanding the mechanism by which the CATT region is involved in the activation of MIF gene expression, underscores the extraordinary variability of Pit-1 in its ability to recognize binding sites and lays the groundwork for future functional experiments for therapeutic interventions.
MATERIALS AND METHODS

Oligonucleotide synthesis
All oligonucleotides used were double-stranded and synthesized by IDT (Coralville, IA) as listed in Supplementary Table S1. All reverse complementary strands were unlabeled. 6-FAM (fluorescein) and biotin oligonucleotides were labeled on the 5' end of sense strands and purified by HPLC. DNA used in analytical sizing and crystallization experiments were also HPLC purified. Oligonucleotides were resuspended in 10 mM Tris 8.0, 1 mM EDTA and 50 mM NaCl (TE buffer), concentrations were measured in triplicate by absorbance at 260 nm. Annealing was carried out with complementary strands incubated in a 1:1 fashion in TE buffer, heated to 95
• C for 3 min and cooled to 25
• C.
Expression and purification of recombinant TEV and PKA
TEV protease plasmid pRK793 was a gift from David Waugh (Addgene plasmid #8827) and was purified using HisTrap resin as described (25) . Briefly the TEV construct was expressed using IPTG in Rosetta2 (DE3) competent (26) . PKA purification was purified on HisTrap using 50 mM Tris pH 7.8, 500 mM NaCl, 5% glycerol with 10 or 300 mM imidazole for the wash and elution buffers respectively. Protein was exchanged into 50 mM Tris-HCl pH 7.5, 0.1 mM DTT, 25% glycerol and flash frozen.
Expression and purification of recombinant UHRF1
UHRF1 in the PSG5 plasmid was a gift from Richard Bucala and the UHRF1 gene was cloned into a pET28-MHL construct using NdeI and HindIII. The final construct contains a hexahistidine tag fused to the N-terminus. The construct was expressed using IPTG in Rosetta2 (DE3) competent cells and lysed by French Press in 50 mM Tris pH 7.8, 200 mM NaCl, 10% glycerol, 0.1 mM DTT, 10 M ZnCl 2 (Buffer A) with 10 mM imidazole, 0.25 mg/ml lysozyme, 5 ug/ml leupeptin, 15 g/ml benzamidine, 1 ug/ml pepstatin and 1 mM PMSF. Clarified cell lysate was run down a HisTrap column with Buffer A containing 10 and 300 mM imidazole used as wash and elution buffers respectively. Sample was concentrated to approximately 3 mg/ml and the 1:30 TEV was added by mass and sample was dialyzed overnight against Buffer A. Half the sample was used for PKA phosphorylation (see below). Samples were subsequently cleaned up by reinjection on HisTrap resin. Protein was exchanged into Buffer A with 30% glycerol and 0.5 mM DTT, concentrated to 1 mg/ml, flash frozen and stored at −80
Expression and purification of recombinant Pit-1
Pit-1 in pENTR223.1 was a gift from The ORFeome Collaboration (DNASU plasmid #83098) (27) . The portion of the Pit-1 gene desired was cloned into a pET28-MHL construct using NdeI and HindIII. Pit-1 wt included residues 1 to 291, Pit-1 N residues 105-291 and Pit-1 N C residues 124-273. The final construct contains a hexahistidine tag fused to the N-terminus. The construct was expressed using IPTG in Rosetta2 (DE3) competent cells and lysed by sonication in 50 mM HEPES pH 6.5, 300 mM NaCl, 10% glycerol, 0.1 mM DTT, 10 mM imidazole (buffer B) with 0.25 mg/ml lysozyme, 5 ug/ml leupeptin, 15 ug/ml benzamidine, 1 ug/ml pepstatin, 1 mM PMSF, 5 ug/ml RNase and 10 ug/ml DNase. The insoluble pellet was isolated by centrifugation at 30 000g for 45 minu. Pellets were washed with buffer B + 0.5% triton X-100, the pellet was isolated by centrifugation at 30 000g. The pellet was homogenized in 20 mM HEPES 6.5, 0.1 mM DTT, 8 M urea, 0.3 M NaCl and 20 mM Imidazole (buffer C). The soluble fraction was isolated after centrifugation at 30 000g. The ureasolubilized fraction was purified using HisTrap resin with wash, high salt wash and elution buffers consisting of buffer C, buffer C with 1.3 M NaCl and buffer C with 300 mM imidazole respectively. Pit-1 was concentrated to ∼2 mg/ml and dialyzed overnight against 20 mM HEPES 7.0, 0.3M NaCl, 0.5M sucrose, 0.5M L-arg and 0.1 mM DTT (Buffer R). A couple hours into the dialysis, a 1:30 ratio of TEV was added by mass. If necessary, half the sample was used for PKA phosphorylation (see below). Samples were subsequently cleaned up by reinjection on HisTrap resin. Protein was exchanged into Buffer R with 30% sucrose and 0.5 mM DTT, concentrated to ∼1 mg/ml, flash frozen and stored at −80
PKA phosphorylation
Sample for PKA phosphorylation had 10 mM MgCl 2 added to it. An approximate 1:10 mass ratio of PKA:target is added. ATP is added so that final ATP concentration becomes 500 M. Reaction is incubated at 30
• C for approximately an hour during which aliquots are taken at various time points and quenched in SDS-PAGE buffer. This sample is subsequently injected onto Ni-NTA to clean up the reaction as described above. Equal volumes of time course samples were loaded onto SDS-PAGE and transferred to PVDF (GE Healthcare Life Sciences). The blots were probed with rabbit anti-phospho-PKA substrate (Cell Signaling, #9624; 1:2000), as the primary antibody. Horseradish peroxidase conjugated goat anti-IgG (Abcam, #ab97051; 1:5000) was used as the secondary antibody. Western blot band intensities were quantified using ImageJ software (NIH).
Electrophoretic mobility shift assays
TAE gels with 7% polyacrylamide (acrylamide:bisacrylamide = 37.5:1), and 30% triethylene glycol were poured (28) . Gels were run as previously described (29) . Briefly, 1xTAE buffer was used with 1 mM thioglycolic acid. Gels were pre-run at 150 V for 20 min using 5 l of pre-run buffer with triethylene glycol. Binding reactions were prepared during pre-run. Reactions were prepared in 10 mM Tris 7.4, 50 mM KCl, 5 mM MgCl 2 , 5% glycerol, 0.05% NP-40, 0.1 mg/ml BSA, biotin labeled 111 bp 8xCATT sequence was added to 500 pM for UHRF1 reactions and 200 pM for Pit-1 reactions. Non-protein components were mixed and brought to room temperature before adding the protein. Serial dilution of the target protein was made in buffer R and added as 10× samples to reactions for a final concentration as labeled. Samples were allowed to equilibrate for ∼1/2 h at room temperature, 3 l of 25% Ficoll was added to quench each tube and samples were loaded for EMSA. After the run, samples were transferred to nylon membrane and cross-linked using a CL-1000 UV cross-linker (UVP) for 1 minute. The blots were developed using the LightShift Chemiluminescent EMSA kit (Thermo Scientific).
Microscale thermophoresis
FAM labeled 111 bp 8xCATT or 0xCATT nucleotide was kept at a constant concentration of 200 pM for these experiments. UHRF1 was serial diluted in from 50 M to 97.7 nM for f8x 111 and from 25 M to 48.8 nM for f0x. The assay was performed in 10 mM Tris 7.4, 50 mM KCl, 5 mM MgCl 2 and 5% glycerol. After a short incubation the samples were loaded into glass capillaries and analysis was performed using the Monolith NT.115 (NanoTemper Technologies).
Fluorescence anisotropy
Fluorescence anisotropy experiments were carried out using a Spectramax i3 plate reader (Molecular Devices) with the plate incubated at 4
• C prior to reads. For initial binding isotherms (Figure 2 ), FAM labeled oligonucleotides were used at a final concentration of 1 nM. Reactions were carried out in 10 mM Tris 7.4, 50 mM KCl, 5 mM MgCl 2 and 5% glycerol (Bind buffer) with an additional 5% glycerol and 0.5 mM DTT added. In all cases, blank samples consisted of all constituents in absence of FAM-labeled oligonucleotide and perpendicular and parallel polarization values were subtracted as appropriate. Serial dilutions of various Pit-1 constructs ranged from 1 M to 0.977 nM. Data was fit using a standard four-parameter logistic fit (Prism) (30) . To minimize the effect of nonspecific binding on fitting the curves, f8x curves were truncated at concentrations where the fGC and fGC79 oligonucleotides exceeded ∼30% of the anisotropy and fits were weighted by 1/X (31). Competition experiments were carried out with 1 nM f8x as the probe and 30 nM of Pit-1 N . Serial dilutions of oligonucleotide as indicated, ranged from 0.244 nM to 4 M. When determining stoichiometries, FAM labeled DNA constructs were held at 250 nM (∼10 times the K d of the interaction between the 4xCATT and Pit-1 N ) while titrating partial molar equivalents into the reaction similar to experiments previously carried out (32, 33) .
Gel filtration experiments
Binding reactions were prepared and run in Bind buffer with 0.5 mM tris(2-carboxyethyl)phosphine (TCEP) and injected onto a Superdex 200 10/300 GL (GE Healthcare Life Sciences) gel filtration column at 4
• C. 4xCATT nucleotide was used at a final concentration of 22.56 M. Pit-1 was added to 22.56 M or 45.12 M as appropriate. For independent DNA and protein injections, appropriate volumes of Buffer R or TE buffer were added respectively. In order to determine apparent molecular weights, the column was calibrated with gel filtration standards (Bio-Rad) and the void volume determined using blue dextran.
Crystallization, data collection and structural characterization of the complex
Two protein constructs (Pit-1 N and Pit-1 N C ) as well as DNA with varying lengths and ends (blunt end, single T/A overhang and double TT/AA overhang) were screened for crystallization. Differing combinations were validated for binding activity on analytical gel filtration columns before trays were set up. Pit-1 N :4xCATT or Pit-1 N C :4xCATT was incubated at a 1.95:1 ratio, and complex was exchanged into Bind buffer with 0.5 mM TCEP added. Trays were set up with ∼6 mg/ml protein. The highest resolution diffracting crystals were obtained from a 4xCATT oligonucleotide with a single T/A overhang. Drops were set up in a ratio of 2:1 protein to precipitant (0.1 M MES pH 6.5 17.5% (w/v) PEG 6000 5% (v/v) MPD). Crystals were harvested after approximately 2 weeks at 18
• C. Crystals were cryoprotected in a solution identical to the reservoir solution but containing 25% glycerol prior to flash freezing. X-ray diffraction data were collected on an inhouse Rigaku 1.2 kW MicroMax-007HF generator and Rigaku Raxis IV++ detector. Data was indexed and integrated using MOSFLM (34) followed by merging three different datasets of the same crystal at varying resolution into a single dataset using BLEND (CCP4i suite) (35, 36) . The data were scaled and merged using POINTLESS, AIMLESS and CTRUNCATE (37, 38) . The structure was solved by molecular replacement using Phaser and associated software in the PHENIX package (39) . A partial molecular replacement solution was obtained with the Prl-1P complex (PDB 1AU7), and missing domains were placed manually into unfit density, MolProbity (40) was used to validate the structure. Structural figures were generated using PyMOL (41) . Software used in this project was curated by SBGrid (42) . The nucleotideresidue contact map was obtained by analysis of the final structure using DNAproDB (43) .
RESULTS
Pit-1 is the direct CATT repeat element binder
We tested UHRF1 and Pit-1 for their ability to directly interact with the microsatellite region using the 8xCATT sequence. The 8xCATT sequence was found to pull down the most UHRF1, relative to nucleotides containing fewer CATT repeats (11). Yao et al. found that in absence of the CATT repeats, binding of UHRF1 and Pit-1 was abrogated indicating a specific interaction with the CATT repeats. UHRF1 and Pit-1 have been characterized as having PKA dependent binding activities (22, 44) . In order to determine how the initially identified putative targets UHRF1 and Pit-1 interacted with the CATT repeat region, we recombinantly expressed, purified and post translationally modified each protein with PKA (supplementary Figure S1) . A 5 -biotinylated 111bp sequence in the MIF promoter region from −825 to −794 (including eight CATT repeats) was initially used as a probe for electrophoretic mobility shift assays (EMSA) and the same probe with a FAM label in place of biotin was used for microscale thermophoresis (MST). These initial experiments indicated that UHRF1 interacted with weak affinity (K d > 1 M) and that phosphorylation of UHRF1 by PKA had no significant effect (Supplementary Figures S2 and S3 ). In contrast, we found that both the phosphorylated and non-phosphorylated Pit-1 showed strong affinity for the 8xCATT repeat region. While not quantitated, based on the shifts one can estimate the K d value of Pit-1 to be in the low nanomolar range, with significantly stronger binding than was present for UHRF1. We subsequently targeted this interaction for more quantitative characterization by fluorescence anisotropy. 
Pit-1 binds to the 8xCATT oligonucleotide with a low nanomolar affinity
In order to understand how Pit-1 interacts with the CATT region, we first characterized the interaction of the wildtype, phosphorylated and N-terminally truncated variants of Pit-1 with various FAM labeled sequences. As binding affinity of UHRF1 and Pit-1 appear to correlate to the number of repeats, we used a 39bp FAM labeled sequence with eight CATT repeats (f8x) as a probe. We also used a sequence that consisted of the DNA sequence flanking the CATT repeat (f0x), in order to establish a lack of binding sites in the flanking regions and show specificity for the CATT region.
The binding isotherms obtained by fluorescence anisotropy confirmed that Pit-1 interacted with the 8xCATT region with high affinity. We found that Pit-1 wt preferentially interacted with f8x compared to f0x ( Figure  2A ). This result indicates that the interaction identified by EMSA is primarily mediated by the CATT repeats. The K d of this interaction with the 8xCATT sequence was determined to be 35 nM, which is consistent with previously determined K d values of Pit-1 with specific regulatory sequences (22, 45) . Pit-1 is known to adventitiously interact with AT-rich regions and this may be the source of the affinity of Pit-1 for the f0x flanking sequence. To confirm this hypothesis and to characterize the effect of aggregation and nonspecific binding, we also tested two different 70% GC scrambled oligonucleotides, 39 bp long fGC and 79 bp long fGC79. These negative control sequences showed virtually identical behavior to one another, demonstrating that the difference in sequence length between f8x and f0x was not the source of the divergent affinities. We found that the affinity of fGC and fGC79 was less than that of f0x confirming GC rich sequences show weaker binding. The increased anisotropy of the f0x, fGC and fGC79 samples at higher Pit-1 concentrations is due, in part, to non-specific binding and aggregation. We subsequently used FAM labeled oligonucleotides to test the effect of phosphorylation on Pit-1 ( Figure 2B ) and found a significant reduction in affinity for all sequences tested, particularly for the f8x oligonucleotide. We subsequently focused on the interaction of unphosphorylated Pit-1 with CATT repeat element.
Working with Pit-1 wt in anisotropy assays was challenging given its inherent propensity for aggregation. The unstructured N-terminal region (residues 1-104) was truncated resulting in Pit-1 N ( Figure 1B ) and carried out anisotropy assays. We found that the K d of f8x was decreased to 27 nM and the K d for f0x was increased, thus improving selectivity ( Figure 2C ). Variation in the absolute anisotropy of the plateaus of f8x, f0x, fGC and fGC79 is due to small differences in temperature and had negligible effect on K d values. Qualitatively, EMSA seems to suggest smaller K d values than anisotropy experiments for characterized interactions. This discrepancy is due to the wellknown 'caging effect', where K d values are artificially decreased as a result of the gel preventing diffusion (46) . For subsequent anisotropy experiments, we used Pit-1 N as it is more CATT selective and stable under the conditions tested.
Four CATT repeats are the minimal requirement for high affinity Pit-1 binding
Having identified a truncated stable binding construct of Pit-1 that maintained its preferential affinity for the CATT repeat region, we next investigated how the number of CATT repeats affected binding of Pit-1. Competition assays were carried out using f8x as a probe and Pit1 N as the receptor. Pit-1 N was used at 30 nM, greater than the K d value so that >50% of the probe was bound (47) . Sequences with clearly anticipated behavior were used as competitors to verify the fidelity of the assay ( Figure 3A) . Two variants of the 8xCATT sequence were used: u8x 111 is the unlabeled full 111 bp 8xCATT nucleotide used in initial copurification assays (11) , and u8x is a 39 bp 8xCATT sequence identical to the probe but lacking the FAM group. IC 50 values and competition curves for u8x 111, u8x and u5x 99 were virtually identical with IC 50 values confirming that the CATT repeats are responsible for the affinity of Pit-1. As a negative control, we assayed a 70% GC scramble sequence uGC that showed the expected poor competition. Finally, as a positive control, we used a 70 bp of the human growth hormone sequence uhGH, previously characterized to interact with a K d of ∼20 nM by surface plasmon resonance (45) . Our results for uhGH show an IC 50 value similar to that of u8x indicating that the affinity is similar to that of 8xCATT (which was determined to be 27 nM). Due to the complexity of anisotropy assays, we were unable to make IC 50 to K i conversions using the Cheng-Prusoff equation (48) . Despite this limitation, the IC 50 values still allowed us to determine a rank order of affinity for the competing oligonucleotides.
Next, we quantified the interaction of Pit-1 with oligonucleotides containing varying numbers of CATT repeats to gain insight into how differing numbers of repeats affected affinity. As expected, sequences with fewer repeats of the CATT element showed a weaker ability to compete with the f8x probe for the Pit-1 N binding site ( Figure 3B ). If the CATT repeat is the binding site for Pit-1 binding, then an 8xCATT strand has eight times the binding sites compared to a 1xCATT oligonucleotide. To understand this effect, we normalized the x-axis by the putative binding element for Pit-1, the concentration of CATT repeats (Supplementary Figure S4) . When scaled, sequences with four or greater repeats showed highly similar IC 50 values and curves. For IC 50 values (both scaled and unscaled), there is a major increase in IC 50 between the 4xCATT and 3xCATT sequences with fewer repeats leading to more poorly competing oligonucleotides ( Figure 3B ). This indicates a significant difference in binding mechanism. Thus, for subsequent experiments, we targeted the 4xCATT sequence. This offered several benefits: less sample heterogeneity, higher quality anisotropy data and lower mass and concentration requirements for subsequent experiments.
Pit-1 and the 4xCATT repeat oligonucleotide interact in a 2:1 ratio
We subsequently investigated the stoichiometry of the interaction between Pit-1 N and the CATT repeat element. Titrating increasing molar equivalents of Pit-1 N led to a plateau for the 4xCATT at 2.49 equivalents ( Figure 4A) . Titration of the 70% GC scramble shows a slightly positive slope likely reflecting increasing adventitious interactions and aggregation at higher protein concentrations. Unexpectedly, the 3xCATT nucleotide shows a plateau at 2.38 equivalents. Considering the final anisotropy of each plateau clarified the cause of the unexpected behavior. As shown in Figure 4A , the plateau of the f3x sequence is higher than that of the f4x sequence, indicating that the final complex formed by f4x is smaller (and thus faster rotating) than that formed by the f3x complex. This is unexpected as the DNA sequence of f3x is shorter than f4x. We speculate that one Pit-1 molecule fully binds while only a portion of the bipartite DNA binding domain of the second molecule of Pit-1 (either POU S or POU H ) binds, leading to a less structured (and slower rotating) complex. This also explains the weaker affinity of the 3xCATT compared to the 4xCATT nucleotide. The 2.49 equivalents identified with f4x is likely the result of a combination of not all of the Pit-1 N being active, the propensity for Pit-1 to aggregate, and nonspecific binding (33, 47) . This result indicates that the molar ratio of Pit-1 N to 4xCATT is 2:1. To confirm the interaction of two Pit-1 N molecules with each 4xCATT DNA, we carried out gel filtration with Pit-1 N and the 4xCATT sequence at 1:1 and 2:1 molar equivalents ( Figure 4B ). Absorbance was measured at 260 nm, with the protein showing little absorbance. This approach allowed us to see the effect of Pit-1 N binding on DNA. We found that the Pit-1 N and DNA injected independently migrated at their expected molecular weights (black and green respectively). The DNA molecule migrated at higher than its molecular weight, likely due to its elongated shape. Injection of a 1:1 ratio of Pit-1 N to 4xCATT, showed 2 peaks: peak #1 (smaller retention volume) with an approximate apparent molecular weight of two Pit-1 N molecules to one 4xCATT nucleotide and peak #2 (larger retention volume) with an apparent molecular weight identical to the unbound DNA. Injection of a 2:1 ratio resulted in a single peak with an approximate apparent molecular weight of two Pit-1 N molecules to 1 4xCATT nucleotide. Injection of a 4:1 ratio resulted in an identical trace to the 2:1 ratio (not shown) indicating that additional Pit-1 molecules beyond a 2:1 ratio are unable to bind and effect DNA migration. These results confirm that the ratio of Pit-1 N to 4xCATT is 2:1. In the intermediate case of the injection of a 1:1 ratio, DNA is present in two states, a fully complexed state (two Pit-1 N complexed to each oligonucleotide) and free unbound DNA. This indicates that binding of Pit-1 N is cooperative in nature. In the case of non-cooperative or uncoopera- tive binding we would have expected to see a population of singly bound oligonucleotide. The height of the two peaks in the 1:1 injection were almost identical, with the complex peak being smaller than that of the free DNA, supporting the anisotropy results.
Structure of Pit-1 N C and the 4xCATT sequence
Given the lack of identity of the CATT repeat sequence to previously characterized sequences (Prl-1P and GH-1) we crystallized a complex between Pit-1 N C and the 4xCATT nucleotide. Anisotropy experiments assisted in the design of oligonucletodies to target for crystallization, knowledge of the stoichiometry allowed us to target a 1.95:1 ratio of protein to DNA. Due to the propensity for Pit-1 N to aggregate, Pit-1 N C (residues 124-273) previously targeted by structural studies with Prl-1 and GH-1 was used for crystallization (17, 49) . Gel filtration of Pit-1 N C with all DNA crystallographic variants screened showed identical cooperative behavior as previously discussed (not shown). A nucleotide with unpaired complementary 5 T/A nucleotide overhang on each end (f4xCrystFI/f4xCrystRC) crystallized successfully. The complex formed rod like crystals with diffraction patterns showing clear meridional reflections at ∼3.3Å (Supplementary Figure S5) , verifying the presence of DNA (50, 51) . Molecular replacement was used to solve the structure, DNA bases were removed and purines and pyrimidines were identified in unbiased maps. The final unpaired nucleotides on each strand showed significant conformational dislocation thus confirming the correct modeling of the DNA molecules. Refinement was carried out with a final R-work/R-free of 23.04%/27.73% (Supplementary   Table S2 ). Linker residues between the POU S and POU H domains were not observable, however based on distance measurements, the only allowable conformation was modeled (Supplementary Figure S6) .
The structure of Pit-1 with the 4xCATT sequence shows 2 monomers (chain A in salmon and chain B in teal) bound to a single 4xCATT oligonucleotide as expected (Supplementary Figure S7 ). However, the orientation of the bound domains differs significantly from the only other Pit-1 structure in the PDB, Prl-1P ( Figure 5A ). Each chain consists of a POU S followed by a POU H domain. Overlaying the Prl-1P and 4xCATT complex structures results in nearly perfect overlap of the POU H2 domains from each structure and unexpectedly the POU S2 from 4xCATT with POU S1 from Prl-1P. The alternate conformations of chain B in the 4xCATT and Prl-1P structures are reminiscent of a domain swap. The remaining domains in the 4xCATT structure POH H1 and POU S1 , making up chain A, show no overlap with domains from the Prl-1P mutant structure. Chain A binds the same oligonucleotide sequence as chain B with the domains of both chains binding in the same conformation. As a consequence, the 4xCATT domain arrangement is strikingly different from the previously characterized Prl-1P and GH-1 sequences ( Figure 5B ). The 4xCATT sequence causes Pit-1 to adopt a novel binding mode with a significantly smaller site for each monomer, encompassed by 2xCATT repeats. In the 4xCATT complex structure, the POU H domains are placed much more closely together with the domains oriented in different directions when compared to previous structures. As a result, the binding surface formed by the Pit-1 dimer is significantly changed. A nucleotide-residue contact map ( Figure 5C ) was obtained by using the DNAproDB website (43) . Residues identified in the contact map have significantly buried accessible surface area, interact with bases and/or interact with backbone atoms in the DNA molecule. The primary POU S residues mediating specific hydrogen bonding interactions with bases of the 4xCATT sequence are Gln44, Thr45 and Arg49. For the POU H domain specifically interacting residues are Arg95, Asn141 and Gln144. To determine if the Pit-1 binding interactions on each strand were identical, the two monomers with the binding sites were overlaid ( Figure 6A ). The Pit-1 monomers and bases between the domains overlay perfectly, however the bases above and below the monomers show deviations, despite having identical sequences. This result clearly shows that there are asymmetric perturbations to the DNA occurring around the binding sites. A superposition of the 4xCATT complex with ideal strand B-DNA shows that the most significant perturbations occur between the two Pit-1 monomers (Figure 6B ). There are no direct residue contacts between Pit-1 monomers, in the context of the DNA deformations, this in- (17)). (A) Structure of Pit-1 bound to the symmetric mutant Prl-1P sequence on the left and the 4xCATT sequence on the right. The Prl-1P mutant sequence was created by screening a number of different palindromic oligonucleotides with differing spacing between the Prl-1P consensus sequence (79) . The 4xCATT sequence binds Pit-1 in a 2:1 molar ratio. The POU H2 domains bind in an identical way in both structures, surprisingly the POU S1 (Prl-1P) and POU S2 (4xCATT) sequences bind in relatively identical ways as well, resulting in a reorientation of domains. (B) The schematic overview of previously characterized Pit-1 complexes underscores the dramatic reorientation of domains present in the 4xCATT structure. In the 4xCATT complex structure, the two Pit-1 proteins bind identical sequences, and the sites are related by a simple rotation and translation down the DNA. Two CATT repeats encompass the binding site for each monomer. (C) A nucleotide residue contact map was generated using the DNAproDB website (43) . Amino acid residues as part of helices are represented as red circles and as part of loop residues as blue squares. Cyan marks in the map indicate major grove contacts while pink marks represent minor grove contacts. dicates that the observed cooperativity is mediated allosterically through the DNA.
DISCUSSION
We initially investigated UHRF1 and Pit-1 for direct interactions with the MIF regulatory CATT microsatellite. EMSA results showed that Pit-1 shows a strong direct interaction, and that UHRF1 does not. Previously characterized interactions of Pit-1 with partner transcription factors have been shown to be dependent on the phosphorylation state of Pit-1. Phosphorylation of Pit-1 by PKA has shown increases and decreases in affinity for DNA binding, additionally effects on complex formation have been identified (19, 22, 23) . We show that Pit-1 affinity for the CATT repeats is reduced upon phosphorylation. Further complicating this system is the ability of Pit-1 to function as both a transcriptional activator and repressor (12, 17) . The recent characterization of Pit-1 being upregulated in THP-1 cells as a result of stimulation with proinflammatory molecules and the identification of PKA as directly inhibiting NLRP3 inflammasome activation is consistent with unphosphorylated Pit-1 playing a proinflammatory role (13, 52) . However what role post translational modifications and the interaction with other transcription factors play in regulating the MIF promoter region have yet to be elucidated.
POU domain proteins show significant flexibility in sequence recognition. Complicating this situation is the fact that high-affinity binding sites for POU domains act cooperatively with lower affinity sites, producing dimers (18, 53) . The distributions of peaks from gel filtration experiments indicated a cooperative binding mechanism, consistent with previously observed behavior for Pit-1 (15) . Variability of transcription factor binding as a response to different DNA sequences represents a major complication in identifying specific interactions, creating mechanistic models and predicting corresponding functional consequences (54) . Pit-1 binding to the 4xCATT sequence shows an extraordinary structural rearrangement of Pit-1 domains when compared to Pit-1 binding the Prl-1P and GH-1 sequences. Similar POU domain rearrangements are dictated by the character of MORE and PORE DNA half-sites in complex with the POU transcription factor Oct-1 (55) . Different resulting binding surfaces allow the Oct-1:PORE arrangement to recruit the Oct-1 specific coactivator OBF-1, while Oct-1:MORE complex is unable to complex with OBF-1 (56, 57) . The 4xCATT binding half sites are reminiscent of the PORE sites while the Prl-1 and GH-1 sites are similar to the MORE sites. However, the orientation of the half-sites in the 4xCATT and PORE sequences still differs, resulting in the POU domains remaining oriented differently with respect to one another (57) .
The 2xCATT sequence represents the minimal sequence necessary for Pit-1 binding, however its affinity was lower than 4xCATT. This discrepancy can be explained by the clear presence of cooperativity, identified by gel filtration. Homotypic cooperativity leads to an increase in the length of the regulatory element identified, resulting in increased sequence specificity and is a common mechanism by which transcription factors specifically identify targets (58, 59) . Asymmetric perturbations to the DNA strand identified between the bound Pit-1 monomers supports a mechanism where the DNA allosterically mediates the cooperativity. Cooperativity between transcription factors has been identified structurally and shown to change recognized DNA sequence motifs through changes in DNA shape (59) (60) (61) (62) . In certain cases this has been shown to occur through quenching of the vibrational modes of DNA (63) . Many characterized systems of gene regulation have shown protein-protein cooperative interactions with DNA that lead to significant increases in affinity ranging from 4-to 20-fold (64) . Remaining variability in the IC 50 normalized by [CATT] value for sequences greater than four repeats is likely due to a combination of changes in the stoichiometry, changes in DNA deformation effects, and resulting changes in cooperative in-teractions. With the insight that the CATT repeat sequence results in a structurally dramatic rearrangement of the transcription factor complex, both the effects on recruitment of additional factors and the functional effects of this structural rearrangement can be explored further.
Bouckenooghe et al. have shown that under proinflammatory conditions, Pit-1 is upregulated in THP-1 macrophages and prolactin expression (under Pit-1 control) is concurrently increased (13) . Supporting the proinflammatory role of Pit-1, prolactin is a hormone that has been established as an enhancer of immune response through upregulation of Th1 type cytokines (65, 66) . Given multiple pieces of evidence that Pit-1 plays an important proinflammatory role in THP-1 cells, our data characterizing the Pit-1 interaction with a region in the MIF promoter contributes to the developing importance of this transcription factor in inflammatory response. A putative SP-1 binding site in the first intron has been established to play an enhancer role in MIF transcription (6) . The enhancer function of the CATT region has yet to be established, however we believe it is likely that the CATT repeat element plays a similar role. Pit-1 participates a wide number of interactions by acting as a platform to recruit co-activator/repressor complexes (67, 68) . UHRF1 as a multidomain protein, broadly regulates gene expression and plays a central role in regulatory events in the cell (69) . UHRF1 is able to integrate a wide variety of information from cellular signals including ubiquitination, hemi-methylated CpG DNA, histone acetylation and phosphatidylinositols (70, 71) . In addition, UHRF1 has been shown to interact with a number of different proteins, including histones (72), DNMT1 (71, 73) and BRCA1 (69) . In context of the previously characterized roles of Pit-1 and UHRF1, their identification in interactions with the MIF promoter (11) and our work here, we hypothesize that they may form a complex reminiscent of the PORE/Oct-1/OBF-1 complex to control MIF transcription.
We find the mechanism of Pit-1 binding to target DNA is highly dependent on oligonucleotide sequence. In the context of the cell, the ultimate functional effect of Pit-1 binding is extraordinarily dependent on both sequence and genomic context, where histones and other co-repressor/activator proteins play a major role in gene regulation outcomes (12, 17) . Additional in vivo functional experiments will need to be carried out to determine the effect of the variables studied in this paper on expression of MIF. Our work broadly underscores the amazing versatility with which transcription factors can specifically identify target sequences and the critical role cooperativity plays in specifically binding target sequences. More specifically we shed light on the mechanism by which Pit-1 interacts with the CATT repeats and lay the groundwork for further investigations of the functionally important microsatellite region. Characterization of interactions between Pit-1, DNA and putative interacting transcription factors like UHRF1 will be needed for a complete understanding of this system. The fluorescence anisotropy assays developed here can be used to characterize the interactions of putative co-factors and to screen for drug candidates in hopes of developing more effective therapeutic treatments for a wide variety of MIF mediated diseases.
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